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Abstract
Aging is associated with declines in executive function. We examined how executive functional 
brain systems are influenced by clinically silent Alzheimer’s disease (AD) pathology and cerebral 
white matter hyperintensities (WMHs). Twenty-nine younger adults and thirty-four cognitively 
normal older adults completed a working memory paradigm while functional magnetic resonance 
imaging (fMRI) was performed. Older adults further underwent lumbar cerebrospinal fluid (CSF) 
draw for assessment of AD pathology and FLAIR imaging for assessment of WMHs. Accurate 
working memory performance in both age groups was associated with high fronto-visual 
functional connectivity (fC). However, in older adults, higher expression of fronto-visual fC was 
linked with lower levels of clinically silent AD pathology. In addition, AD pathology and WMHs 
were each independently related to increased fMRI response in the left dorsolateral prefrontal 
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cortex, a pattern associated with slower task performance. Our results suggest that clinically silent 
AD pathology is related to lower expression of a fronto-visual fC pattern supporting executive task 
performance. Further, our findings suggest that AD pathology and WMHs appear to be linked with 
ineffective increases in frontal response in CN older adults.
Keywords
Executive; Aging; Connectivity; Alzheimer’s; Hyperintensities
1. Introduction
Executive function underlies the capacity for flexible, adaptive thought processes (Miller 
and Cohen, 2001). Executive functions are deployed when the cognitive system faces new 
situations, is required to temporarily maintain information, or must overcome habitual 
responses (Miyake et al., 2000). Aging is associated with marked decline in executive 
function (Schaie, 1996), which represents a strong predictor of functional independence in 
older adults (Bell-McGinty et al., 2002). Increased understanding of the neural 
underpinnings of age-related executive declines is thus an important goal for the field of 
aging neuroscience.
Of particular relevance are those functional brain alterations that are directly linked with 
executive task performance. For example, while older adults can show a variety of 
differences in the strength or extent of activation compared to younger adults, these 
differences are not always associated with task performance (Grady, 2012). Commonly 
reported age-related activation – performance alterations have been reported in prefrontal 
cortex response and in functional connectivity (fC) patterns between prefrontal cortex and 
posterior regions (Drag and Bieliauskas, 2010). In general, alterations in executive brain 
systems and performance in CN older adults are typically attributed to processes of normal 
brain aging (reviewed in Harada et al., 2013).
However, recent reviews highlight the need for increased understanding about contributions 
of clinically silent brain pathology to executive and other cognitive declines (Jagust, 2013). 
Two of the most common forms of brain pathology in CN older adults are cerebrovascular 
damage reflected as white matter hyperintensities (WMHs) on FLAIR images (Breteler et 
al., 1994) and Alzheimer’s disease (AD) pathology (Shaw et al., 2009). Clinically silent 
vascular and AD pathologies may disrupt executive functional brain networks prior to 
clinical impairment given that executive declines represent a common feature of early/
preclinical cerebrovascular disease (Reed et al., 2004) and AD (Blacker et al., 2007).
Separate studies conducted with CN older adults have reported functional brain alterations 
during the performance of executive tasks associated with WMHs (Nordahl et al., 2006; 
Venkatraman et al., 2010) and more recently with AD pathology (Gordon et al., 2015; Oh et 
al., 2015). However, few if any studies have explored the impact of both WMH and AD 
pathology on functional brain activations using a common task paradigm and participant 
group. Here we explore this issue with a particular emphasis on identifying those alterations 
in functional activation patterns that directly affect executive task performance.
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Toward that end, we focused on activation patterns within fronto-visual regions linked with 
executive performance in our recent work (Hakun et al., 2015; Zhu et al., 2015). The 
previous studies used a task switching paradigm and focused on both local activation 
patterns in prefrontal regions and fC patterns between prefrontal and visual association 
areas. Results indicated that higher fC between the left dorsolateral prefrontal cortex 
(lDLPFC) and bilateral portions of the lateral occipital cortex (LOC) was associated with 
better executive task performance in CN older adults, while higher prefrontal response 
magnitudes were associated with poorer performance.
In the present study, a working memory fMRI paradigm was employed and associations with 
fronto-visual activation and fC patterns and performance were explored in both younger and 
older adult groups. We then explored the separate and potentially interactive relationships 
between WMHs and AD pathology on those functional activation patterns linked with 
executive performance in older adults. We expected to replicate our previous findings of 
fronto-visual activation-performance relationships. In addition, based on our previous results 
and the literature, we hypothesized that clinically silent AD pathology and/or WMH may 
contribute to weaker lDLPFC-LOC fC and higher local lDLPFC response magnitude.
2. Materials and Methods
2.1. Participants
Sixty-eight participants (38 older adults and 30 younger adults) were initially recruited. 
Written informed consent was obtained from each participant under an approved University 
of Kentucky (UK) Institutional Review Board protocol. Younger adults were recruited from 
the university and surrounding community through advertisements. Older adults were 
recruited from an existing cohort of volunteers at the Sanders-Brown Center on Aging 
(SBCoA), part of UK’s Alzheimer’s Disease Center (ADC). Participants at the SBCoA are 
generally healthy, cognitively normal, and live independently in the greater Lexington, 
Kentucky area (Schmitt et al., 2012).
Older adult participants completed the Uniform Data Set (UDS2) used by US ADCs 
supported by the NIH National Institute on Aging (NIA/NIH ADCs) (Morris et al., 2006). 
The UDS includes a detailed medical history, physical examination, assessment of 
behavioral symptoms, global assessment with the Clinical Dementia Rating (CDR), and a 
neuropsychological battery (Weintraub et al., 2009). The neuropsychological battery 
includes tests related to the domains of episodic memory, executive function, speed of 
processing, language and visuospatial function. Participants’ results are evaluated by the 
ADC clinical core and a clinical consensus diagnosis is reached. All older adult participants 
in the present study had a clinical consensus diagnosis of ‘cognitive normal’ and a CDR 
global score = 0.
Exclusionary criteria for the present study were a significant head injury (operationally 
defined as a loss of consciousness greater than five minutes), the use of psychotropic 
medication, claustrophobia, pacemakers, or the presence of metal implants contraindicated 
for MRI. Subsequent quality control measures led to the exclusion of one younger adult and 
four older adults from results reported here. The younger adult was excluded due to a large 
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artefact on their MR images. The four older adults were excluded due to: excessive motion 
during MRI scanning (one participant); task accuracy or response rate ≥ 3 standard 
deviations below their group mean (3 participants). Characteristics of the final group 
participants (29 younger adults 34 older adults) are shown in Table 1.
2.2. Task Design
Participants performed a modified version of the delayed-match to sample working memory 
task (Figure 1) (Jiang, 2000). The task was designed to challenge executive components of 
working memory via requirements to maintain multiple target stimuli active in mind over an 
extended delay interval, during which time distractor trials (non-match images) can be new 
or repeated (Kane and Engle, 2002). The task stimuli were two-dimensional pictures of 
common objects selected from Snodgrass and Vanderwart database (Snodgrass and 
Vanderwart, 1980). During task blocks, participants were asked to ‘hold in mind’ the two 
target images and indicate (via button press) whether or not each of 12 serially presented 
single samples represented a match with either target image. Sample images were either one 
of the two target (match) images presented at the beginning of the task block or distractor 
(non-match) images, which were repeated between 2–4 times in a block. The ratio of targets 
to distractors in each block ranged from 5:7 to 7:5. During baseline blocks, participants 
viewed scrambled versions of object images (created by Fast Fourier transform algorithms) 
and pressed response buttons to each image to control for basic visuomotor components of 
the task.
The experiment was divided into two fMRI runs. Each run consisted of 8 task blocks (28 
sec/per) interleaved with and 8 visuomotor baseline blocks (10 sec/per). Responses were 
made using MRI compatible hand-held response button boxes, with button press response 
mappings counterbalanced across participants. Stimuli were presented using E-prime 
software (Psychology Software Tools, Inc., Pittsburgh, PA) and projected to a screen using 
an MRI compatible projector. Participants viewed the screen via a mirror mounted on the 
MRI head coil. The stimulus presentation program was used to log response time and 
accuracy for each working memory trial. Participants completed a brief practice session 
prior to fMRI scanning.
2.3. Behavioral Analysis
Accuracy was measured using the corrected recognition (CR) rate, computed by subtracting 
the false alarm rate (% of non-match trials incorrectly identified as targets) from the hit rate 
(% of match trials correctly identified as targets). Mean reaction time (RT) was calculated 
across responses.
2.4. MRI Acquisition
Neuroimaging was performed using a Siemens TIM Trio 3 Tesla scanner with a 32-channel 
head coil at the UK’s Magnetic Resonance Imaging and Spectroscopy Center. Two high-
resolution T1-weighted anatomic images were collected using a magnetization-prepared 
rapid acquisition with gradient echo (MPRAGE) sequence [repetition time (TR) = 2530ms, 
echo time (TE) = 2.26ms, inversion time (TI) = 1100ms, flip angle (FA) = 7°, acquisition 
matrix = 256 256 176, field of view (FOV) = 256mm2, isotropic 1mm voxels]. Blood-
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oxygen-level dependent (BOLD) T2*-weighted scans were acquired with a gradient-echo 
planar imaging (EPI) sequence [TR = 2000ms, TE = 27ms, FA = 83°, FOV = 224mm2, 
acquisition matrix = 64 64, resolution = 3.8mm isotropic, 36 interleaved slices]. Fluid-
attenuated inversion recovery (FLAIR) images were acquired from older adults with a fat 
saturated turbo-spin echo (TSE) sequence [TR = 9000ms, TE = 89ms, TI =2500ms, FA = 
130°, acquisition matrix = 256 × 174 × 34, 1mm × 1mm × 4mm voxels].
2.5. fMRI Preprocessing and Analyses
The FMRIB Software Library [FSL, (Smith et al., 2004; Jenkinson et al., 2012)] was used 
for fMRI data preprocessing and analyses. The T1-weighted structural image collected 
closest in time to the fMRI scans was bias-field corrected using FAST and brain extracted 
using BET. fMRI data were motion corrected, smoothed with a 9 mm Gaussian filter, and 
high-pass filtered at 128s using FEAT v.6.0.0. Participants with > 1 mm root mean square 
absolute motion were excluded from further processing (one older adult). The remaining 
participants’ functional data were registered to the high-resolution T1-weighted images 
using FLIRT. T1-weighted images were then registered to MNI space and resampled to 2mm 
isotropic voxels using FLIRT to generate an initial linear affine transformation, followed by 
non-linear warping using FNIRT with 20mm warp resolution. Participants’ non-linear warp 
parameters were then applied to their functional data, which was resampled to MNI 2mm 
space.
fMRI Hypothesis-Driven Analyses—A priori, hypothesis-driven analyses were 
conducted focusing on the left dorsolateral prefrontal cortex (lDLPFC) and the left and right 
lateral occipital cortices (lLOC, rLOC). These regions were selected for a priori analyses 
based on results from one of our recent studies (described in the Introduction) involving an 
independent data set consisting of 65 participants (32 younger versus 33 older adults) using 
a different visual executive task (a switching paradigm) (Hakun et al., 2015). In the present 
experiment, ROI masks (6 mm spheres) were generated to surround peak MNI coordinates 
from results on the present data set to maximize sensitivity of mask locations to the current 
participant sample and task paradigm. Specifically, the ROI masks were generated on results 
from an independent components analysis (ICA) to ensure that neither age group contributed 
disproportionally to mask seed locations.
Tensor-based ICA used FSL’s MELODIC (Beckmann and Smith, 2005), with automatic 
determination of the number of components to extract. In addition, a model of the task 
paradigm was included in the ICA analysis to test whether the main ICA component 
reflected a general task-related (i.e. working memory) response functional pattern. ROI 
masks (6 mm spheres) were generated to surround MNI peaks associated with the main ICA 
component. Time series data were then extracted within each ROI, from each participant’s 
pre-processed fMRI data. Data extracted from the three ROIs were then submitted to BOLD 
magnitude and functional connectivity (fC) analyses.
fMRI BOLD Magnitude Analysis—BOLD magnitudes were extracted from the time 
series data for each participant/ROI/block. Mean BOLD signal was computed across TRs 
corresponding to the maintenance/decision epoch of the working memory task. The TR 
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immediately before each task block onset was selected as a baseline. Mean percent signal 
change between baseline and task was then computed for each participant/ROI across task 
blocks within each run and then averaged across runs.
fMRI Functional Connectivity (fC) Analysis—A modified beta-series fC analysis was 
performed (Rissman et al., 2004). Each participant’s mean task-related BOLD signals for 
each ROI/block (described above) were Z-scored within each of their two runs. The Z-scores 
from the two runs were then concatenated to form a single beta-series consisting of 16 
values (1 per task block) for each participant/ROI that reflected the fluctuation around the 
mean of the maintenance/decision epoch of each block. Zero-order correlations were 
performed between the lDLPFC and lLOC beta-series and between the lDLPFC and rLOC 
beta-series in order to determine the interregional coherence between regions over task 
blocks. The resulting correlation coefficients were used as the measure of fC between ROIs.
2.6. WMH Assessment Procedures
WMH volumes were computed in older adults using an overall framework employed in our 
recent work (Smith et al., 2016). The series of steps included field correction using the N3 
algorithm, co-registration of the two T1-weighted images using FSL’s Linear Registration 
Tool (FLIRT), T1 image averaging, skull-stripping and segmenting using Freesurfer. 
Subsequent manual editing was performed to remove artifacts particularly at the base of the 
brain, between the lateral ventricles and at the level of the superior sagittal sinus. The skull-
stripped T1 image was then registered to the FLAIR image using FLIRT. A white matter 
mask was generated from the segmentation results from Freesurfer by combining left 
cortical WM, right cortical WM, and WM hypo-intensities. This WM mask was registered to 
the FLAIR image using the same affine transformation generated above.
The WM mask was applied to the FLAIR image, and mean and standard deviation of WM 
signal intensities were estimated based on voxel histogram fitting using a 2-gaussian model. 
The voxel intensity histogram was thresholded at a standard deviation of 2.33 from the mean 
of the dominant (normal appearing white matter) gaussian fit. The volume of 
hyperintensities exceeding the threshold was recorded for each participant as whole-brain 
(total) WMH volume. In addition, a separate measure of frontal WMH volume was 
computed due to the importance of the frontal lobes to executive function. The frontal WMH 
measure was computed by applying the MNI Structural Atlas Frontal Lobe Mask, which was 
edited to include white matter. Participants’ WMH volumes were corrected for their total 
intracranial volume (ICV).
2.7. CSF Collection and Analysis
Older adults underwent lumbar CSF draw in the morning following an overnight fast using a 
protocol previously described (Gold et al., 2014). CSF draw was performed within one week 
of MRI scanning. One set of aliquots were shipped on dry ice from the University of 
Kentucky to the Biomarker Research Laboratory at the University of Pennsylvania Medical 
Center. Samples were kept frozen until being thawed just prior to analysis. CSF analysis was 
performed following the standard Alzheimer’s Disease Neuroimaging Initiative protocol as 
Gold et al. Page 6
Neurobiol Aging. Author manuscript; available in PMC 2018 October 01.
A
uthor M
anuscript
A
uthor M
anuscript
A
uthor M
anuscript
A
uthor M
anuscript
previously described (Shaw et al., 2009). CSF concentrations of Aβ42, total tau (t-tau), and 
phosphorylated tau (p-tau181) were measured.
2.8. Statistical Analyses
Statistical analyses were performed using SPSS 22 (IBM, Chicago, IL). Potential between-
group differences in task behavioral measures (CR and RT) and fMRI patterns (lDLPFC 
magnitude and lDLPFC-LOC functional connectivity) were explored using independent 
samples t-tests. All within-group analyses used multiple linear regression with age, sex and 
education as covariates. For RT, outliers were identified as values ≥ 3 standard deviations 
from their group mean. This criterion resulted in the removal of between 2.9% and 5.7% of 
total data points from regression analyses. Separate regression models tested possible 
relationships between task performance and fMRI patterns in younger and older groups. 
Additional regression models in the older group were run to explore the possible influence 
of measures of pathology (CSF markers, or WMHs) on functional measures (fMRI or 
performance measures). CSF and WMH values were log-transformed before statistical 
analyses.
3. Results
3.1. Demographic and Behavioral Results
Group demographic and behavioral scores are shown in Table 1. There were no group 
differences in male/female ratio (χ2 = 0.10, df = 1, p = 0.75) or years of education (t = 0.09, 
df = 61, p = 0.93). Mean task accuracy was high for both the younger adult group [mean CR 
= 94.1% (mean hit rate = 97.1%, mean false alarm rate = 2.96%)] and the older adult group 
[(mean CR = 86.1% (mean hit rate = 90.5%, mean false alarm rate = 4.41%)]. Older adults 
had significantly lower accuracy (t = −4.20, df = 61, p < .001) and higher RT (t = 8.89, df = 
61, p < .001) than younger adults. Further, accuracy and RT were inversely correlated across 
participants [r (61) = −0.45 p < .001].
3.2. ICA Results
ICA generated 27 independent components (IC), explaining 83.3% of the total variance in 
the data. The selected IC (Figure 2, A-D and Table 2) included regions often activated 
during working memory tasks, including the lDLPFC, frontal eye fields, anterior insula, 
anterior cingulate, PPC and LOC. This IC was significant for the task model (F3,151 = 48.5, 
p < .001).
3.3. ROI Results
ROIs were generated to surround peak coordinates of the lDLPFC, lLOC, and rLOC from 
the main IC (Table 2). There were no lateralization differences in BOLD magnitude or fC 
values in either age group (p’s ≥ 0.30). Left and right LOC BOLD magnitudes were thus 
combined into a single BOLD magnitude LOC measure and fC measures were combined 
into a single lDLPFC-LOC fC measure. There were no between-group differences in BOLD 
magnitudes in LOC (t = −0.28, df = 61, p = 0.80) or in BOLD magnitudes in the lDLPFC (t 
= 0.29, df = 61, p = 0.77). There were no between-group differences in lDLPFC-LOC fC (t 
= −0.51, df = 60, p = 0.61) (Figure 3E).
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3.4. Relationship between Functional Patterns and Task Performance
Within the younger group, DLPFC-LOC fC was positively associated with accuracy (β = 
0.42, df = 24, p = 0.05; Figure 3A) but not with RT (β = −0.19, df = 24, p = 0.43), while 
lDLPFC magnitude was not associated with accuracy (p = 0.51) or RT (p = 0.84 Figure 3B). 
Within the older group, lDLPFC-LOC fC was positively associated with accuracy (β = 0.39, 
df = 28, p = 0.03; Figure 3C) but not RT (β = −0.11, df = 28, p = 0.57), while lDLPFC 
BOLD magnitude was not associated with accuracy (β = −0.094, df = 28, p = 0.60) but was 
positively associated with RT (β = 0.48, df = 28, p = .005; Figure 3D).
3.5. Relationship between Clinically Silent Pathologies
Mean values for CSF markers and WMHs in the older adult group are shown in Table 3, and 
are similar to values reported in other cohorts of cognitively normal older adults (Shaw et 
al., 2009; Venkatraman et al., 2010). Higher WMH values and CSF values (including CSF 
ratios) indicate higher pathology, except for CSF Aβ42, where higher values indicate lower 
pathology. There were no significant relationships between any of the CSF markers with 
either total WMH or frontal WMHs (all p’s ≥ 0.13).
3.6. Clinically Silent Pathologies and lDLPFC-LOC fC Scores
Separate multiple linear regression models were run with each CSF marker (Aβ42, t-tau, p-
tau181 and the t-tau/Aβ42 ratio) as a predictor of lDLPFC-LOC fC scores. Results indicated 
that the t-tau/Aβ42 ratio was a significant predictor (β = −0.36, df = 28, p = 0.04; Figure 4), 
whereas none of the other CSF markers were predictors of lDLPFC-LOC fC scores (all p’s ≥ 
0.33). Separate multiple linear regression models run with each measure of WMH volume 
indicated that neither total WMH volume (p = 0.13), nor with frontal WMH volume (p = 
0.19), were predictors of lDLPFC-LOC fC scores.
Based on these results, two further models were run to determine if effects of the t-tau/Aβ42 
ratio on lDLPFC-LOC fC scores were independent of WMH volumes. Results indicated the 
t-tau/Aβ42 ratio remained a significant predictor of DLPFC-LOC fC scores in the model 
including total WMH volume as a predictor (β = −0.37, df = 28, p = 0.03) and in the model 
that included frontal WMH volume as a predictor (β = −0.34, df = 28, p = 0.05).
Two final models were run to test for possible interactions. No interactions were found 
between the t-tau/Aβ42 ratio and total WMH volume or frontal WMH volume on lDLPFC-
LOC fC scores (p’s ≥ 0.33).
3.7. Clinically Silent Pathologies and lDLPFC Magnitude
Separate multiple linear regression models were run with each CSF marker as a predictor of 
lDLPFC magnitudes. Results indicated that Aβ42 was a significant predictor of lDLPFC 
magnitudes (β = −0.41, df = 29, p = 0.02; Figure 5A), t-tau/Aβ42 ratio was a marginally 
significant predictor (β = 0.34, df = 28, p = 0.051), while the other CSF markers were not 
predictors of lDLPFC magnitudes (both p’s ≥ 0.45). Separate multiple linear regression 
models run with each measure of WMH volume indicated that frontal WMH volume was a 
significant predictor of lDLPFC magnitudes (β = 0.36, df = 28, p = 0.047; Figure 5B), but 
total WMH volume was not (p = 0.36).
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Based on these results, a model was run to determine if the effects of Aβ42 and frontal 
WMH volumes on lDLPFC magnitude were independent or shared. Results of the model 
including both forms of pathology indicated that Aβ42 (β = −0.37, df = 28, p = 0.04) and 
frontal WMH volume (β = 0.33, df = 28, p = 0.049) were independent predictors of lDLPFC 
magnitude.
A final model was run to test for a possible interaction but indicated no interaction between 
Aβ42 and frontal WMH volumes on lDLPFC magnitude (p = 0.23).
3.8. Clinically Silent Pathologies and Task Performance
The t-tau/Aβ42 ratio was positively associated with RT (β = 0.41, df = 27, p = 0.02) and 
showed a trend toward a negative relationship with accuracy (β = −0.31, df = 28, p = 0.067). 
Aβ42 was negatively associated with RT (β = −0.48, df = 28, p = 0.003) but not accuracy (p 
= 0.16). None of the other CSF markers showed a relationship with performance measures 
(all p’s ≥ 0.31). Neither total WMH volume nor frontal WMH volumes were associated with 
performance measures (all p’s ≥ 0.12).
4. Discussion
We explored the effects of age, AD pathology and WMHs on brain activation patterns 
associated with working memory task performance. Results indicated that fronto-visual fC 
strength was positively associated with working memory accuracy in both younger adults 
and CN older adults. In contrast, high lDLPFC response was associated with slower RT, but 
only in older adults. Further, within older adults, both lDLPFC and fronto-visual fC 
activation patterns were linked with levels of clinically silent pathology. Specifically, our 
results indicate that higher levels of AD pathology are associated with lower fronto-visual fC 
and suggest that levels AD pathology and WMHs may be independently related to DLPFC 
response in CN older adults.
4.1. Age-Related Neurocognitive Patterns
We employed a task designed to challenge executive components of working memory via 
the use of an extended delay interval and introduction of distractor trials. Both older and 
younger groups performed the working memory task with high accuracy (younger mean = 
94.7%; older mean = 86.1%). However, older adults performed less accurately and slower 
than younger adults, a finding consistent with the working memory literature (Sander et al., 
2012), particularly for tasks in which interference is high (Hedden and Park, 2003). Also 
consistent with previous findings, working memory task performance was associated with 
activation of a distributed cortical network including the DLPFC, frontal eye fields, anterior 
insula, anterior cingulate, posterior parietal cortex and LOC regions (Niendam et al., 2012). 
Within this network of regions, we explored fronto-visual activation patterns previously 
linked with executive task performance in our recent work (Hakun et al., 2015; Zhu et al., 
2015).
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4.2. Age-Invariant Fronto-Visual fC - Performance Relationships
Our results showed that high fronto-visual (lDLPFC-LOC) fC was positively associated with 
working memory performance in both younger and older adults. The age-invariant 
performance boost associated with high lDLPFC-LOC fC did not reflect a speed-accuracy 
tradeoff, as accuracy and RT were inversely correlated in our study. Further, our findings 
showed that connectivity between fronto-visual regions was associated with accuracy, but 
not RT, in both younger and older adults. These findings suggest that coordinated 
functioning between fronto-visual regions appears to aid working memory accuracy without 
sacrificing speed.
The DLPFC contributes to multiple cognitive control processes (Niendam et al., 2012) and 
flexibly interacts with domain-preferential (i.e. object/spatial/verbal) posterior brain regions 
during working memory tasks (Gazzaley and Nobre, 2012). The LOC supports visual object 
representation, including non-spatial visual features and object identity (Grill-Spector et al., 
2001). High lDLPFC-LOC fC during our task may thus relate to top-down biasing of 
attentional processes to facilitate target-distractor discrimination during the maintenance/
decision epoch, consistent with our previous findings in the domain of task switching 
(Hakun, et al., 2015).
4.3. Fronto-Visual fC and Clinically Silent AD Pathology
Our results indicated that higher levels of AD pathology were associated with lower 
expression of the DLPFC-LOC fC pattern supporting working memory performance. A 
recent PIB-PET study reported negative effects of amyloid on medial temporal fC patterns 
during an episodic memory encoding task (Oh and Jagust, 2013). Our results extend these 
findings by showing that AD pathology was associated with lower expression of an fC 
pattern that was linked with better in-scanner executive task performance. Specifically, we 
found that lDLPFC-LOC fC was negatively correlated with the t-tau/Aβ42 ratio (but not with 
tau or Aβ42 individually).
We interpret this finding as reflective of the increased sensitivity of the t-tau/Aβ42 ratio to 
the presence of preclinical AD relative to tau or Aβ42 individually (Shaw et al., 2009). At the 
behavioral level, previous results have reported that the t-tau/Aβ42 ratio is more predictive of 
imminent cognitive decline in CN older adults than either t-tau or Aβ42 individually (Fagan 
et al., 2007; Vos et al., 2013). Consistent with this possibility, our results indicated a trend 
for a negative association between working memory accuracy and the tau/Aβ42 ratio in CN 
older adults, but not for either tau or Aβ42.
The mechanisms through which tau and amyloid may synergistically disrupt fC are likely to 
be multifaceted and may include deleterious effects on synaptic signaling. For example, 
Aβ42 has been shown to aggregate at synapses (Lazarov et al., 2002), which may impair 
synaptic functions (Hardy and Selkoe, 2002). Tau provides structural support to axonal 
microtubules, and loss of this function disrupts normal axonal functioning (Iqbal et al., 
2009). Our finding that AD pathology was negatively associated with fC in portions of an 
organized functional network appears consistent with notion that AD lesions may propagate 
trans-synaptically across interconnected regions (Pearson and Powell, 1989).
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4.4. DLPFC Response, Clinically Silent AD Pathology, and WMHs
We found that AD pathology and frontal WMHs were associated with higher lDLPFC 
response magnitude. Several previous studies have also observed positive relationships 
between AD pathology and BOLD response during episodic memory tasks (Sperling et al., 
2009; Mormino et al., 2012; Elman et al., 2014) and executive tasks (Gordon et al., 2015; 
Oh et al., 2015). Considering WMH-BOLD relationships in CN older adults, there have 
been reports of both positive (Lockhart et al., 2015) and negative correlations (Nordahl et al., 
2006; Venkatraman et al., 2010). There is no clear consensus in the literature if increased 
BOLD activation in response to cerebral pathology represents successful compensation 
(Elman et al, 2014), a failed attempt at compensation (Oh et al., 2013), or merely an aberrant 
response to neurodegenerative processes (Lockhart et al., 2015). Our findings appear more 
consistent with the latter two possibilities as lDLPFC magnitude was positively associated 
with both AD pathology and WMHs and yet was also linked with slower RT.
A question that arises from this literature is whether the effects of AD and vascular 
pathologies on functional brain response patterns are independent or synergistic. Increasing 
evidence suggests that amyloid accrual and WMHs become linked over time and exacerbate 
each other (Brickman et al., 2015; Scott et al., 2016). For example, amyloid accrual within 
blood vessels (i.e. cerebral amyloid angiopathy) can exacerbate small vessel injury processes 
that contribute to WMHs (Gurol et al., 2013). In addition, small vessel disease may reduce 
clearance of amyloid leading to greater amyloid accrual (Zlokovic, 2005). Nevertheless, 
cross-sectional results in CN older adults remain mixed, with some studies finding 
relationships between AD pathology and WMHs (Scott et al., 2015; Marnane et al., 2016) 
and others, such as the present study, observing non-significant relationships (Lo and Jagust, 
2012; Barnes et al., 2013).
Moreover, little remains known about the relative dependence/independence of AD 
pathology and WMHs on fMRI patterns. By obtaining measures of AD pathology, WMHs 
and task-related fMRI on a common participant group, we were able show that Aβ and 
WMH were unique predictors of lDLPFC response in CN older adults. This suggests that 
Aβ and WMH may influence brain functional response through different mechanisms. For 
example, Aβ may induce aberrant neural response (Palop and Mucke, 2010) which, in turn, 
may contribute to increased Aβ release (Cirrito et al., 2005). In contrast, WMH are 
associated with diffuse disconnection of WM tracts (Mayda et al., 2011). A finding of higher 
BOLD response associated with lower WM connectivity is consistent with results from 
studies using DTI (Persson et al., 2006; Madden et al., 2007) and may reflect attempted 
compensation in response to reduced connectivity.
4.5. Implications for Cognitive Aging Theories
Our findings are consistent with a view that executive functional systems are affected by 
clinically silent pathologies independent of chronological age (Jagust, 2013). Our fC results 
in particular appear generally consistent with the brain maintenance theory, which holds that 
successful cognition in older adults is most closely tied to minimization of brain changes 
and pathology (Nyberg et al., 2012). In-keeping with this possibility, we found that the same 
functional pattern of fronto-visual fC was positively correlated with working memory 
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accuracy in both younger and older adults but was linked with lower levels of AD pathology 
in older adults.
Our results may also be in-keeping with aspects of brain dysfunction theories such as 
efficiency or dedifferentiation theory (Baltes and Lindenberger, 1997; Zarahn et al., 2007). 
In particular, lDLPFC response magnitudes were associated with longer RT and higher 
pathology in the older group. The lDLPFC is thought to contribute to proactive control 
processes that are intended to deal with upcoming conflict and become impaired in older age 
(Braver, 2012). It may be the case that clinically silent AD and vascular pathologies could 
contribute to age-related declines in proactive control processes by increasing lDLPFC 
demands to process noisy information (Salthouse and Lichty, 1985) and/or by reducing its 
communication with other hubs of the control network.
4.6. Limitations of Present Study
Although our results suggest that clinically silent pathologies are associated with frontal 
hyper-response magnitude and hypo-connectivity, they stop short of assessing a potentially 
causative relationship between these deleterious activation patterns. For example, the 
neuronal excitatory-toxicity hypothesis holds that excessive synaptic activity activation leads 
to a progressive neurodegenerative cascade (Palop and Mucke, 2010). It is thus possible that 
the high lDLPFC response we observed may contribute to the reduced connectivity between 
this region and its functionally connected network.
This possibility should be tested in future longitudinal work integrating DTI measures. 
Integration of DTI and related measures of WM microstructural properties would also be 
relevant given their association with BOLD response (Madden et al., 2007; Zhu et al., 2015) 
and more recently with AD pathology (Gold et al., 2014; Molinuevo et al., 2014). 
Integration of DTI and related imaging measures would thus be likely to boost the modest 
levels of explained variance in relationships between clinically silent pathology and task-
relevant functional activation patterns we observed. Further, in the context of a longitudinal 
design, integrating measures of WM microstructural properties would be relevant to testing 
the theory that degeneration of myelin may contribute to accrual of AD pathology 
(Bartzokis, 2011). Several potential caveats associated with our hypothesis-driven approach 
are also worth noting. While our approach identified performance-activation relationships in 
fronto-visual regions, potential relationships in other brain regions may have been missed. In 
addition, our ROI masks were generated to surround functional peaks (from the voxelwise 
ICA) in portions of the lDLPFC and bilateral LOC regions. A different approach would be 
to generate ROI masks of entire functional activation clusters. In our study, a cluster-based 
approach would have yielded ROI masks encompassing large activation clusters extending 
well-beyond the anatomical boundaries of our lDLPFC and LOC ROIs. We adopted the 
peak-based ROI approach to test hypotheses about activation patterns within these specific 
regions but note that this approach is statistically more liberal than the cluster-based 
approach, in which fMRI signals are averaged across larger numbers of voxels with more 
moderate statistical values.
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4.7. Conclusion
Our results suggest that ‘healthy’ cognitive aging appears to be associated with maintained 
fronto-visual networks supporting executive control processes. However, clinically silent AD 
and vascular pathologies are associated with alteration of the functioning of brain circuits 
used by CN older adults during executive processes. Specifically, preclinical AD and 
vascular pathologies appear to disrupt widespread executive control systems and may 
contribute to dedifferentation of frontal hubs within this network.
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Highlights
The impact of preclinical pathologies on executive brain systems was explored
Older and younger adults completed a functional neuroimaging (fMRI) paradigm
Alzheimer’s (AD) pathology and white matter hyperintensities (WMH) were computed
AD pathology and WMH negatively affected fMRI patterns in older adults
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Figure 1. 
A schematic of the working memory paradigm. Task blocks involved presentation of two 
target images surrounded by a dark border followed by ‘test’ images (match or non-match). 
Blank screens between images represent temporal jittering. Baseline (control) blocks 
involved viewing scrambled images. Analyses focused on the ‘maintenance/decision’ epoch 
of blocks, as indicated by the arrow.
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Figure 2. 
ICA Results and ROI Mean Values. The main ICA component is shown in coronal (A–B) 
and axial (C) views. Regions selected for a priori analyses are in red font. ACC: anterior 
cingulate cortex; FEF: frontal eye fields; AI: anterior insula; DLPFC: dorsolateral prefrontal 
cortex; LOC: lateral occipital cortex; PPC: posterior parietal cortex; Ling: lingual gyrus. The 
bar chart summarizes group mean response strengths in the selected ROIs (D). Values for 
BOLD magnitude represent mean percent signal change between task and baseline in LOC 
(LOC mag) and lDLPFC (lDLPFC mag). Values for fC represent connectivity scores 
(lDLPFC-LOC fC).
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Figure 3. 
Relationships between functional activation patterns and performance. Scatter plots of 
lDLPFC-LOC fC scores against accuracy (A) and lDLPFC BOLD magnitude against RT 
(B). Values are standardized residuals after controlling for age, sex and education. 
Significant relationships are shown with lines representing the linear best fit. Results are 
shown for younger adults (top) and older adults (bottom).
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Figure 4. 
Relationship between CSF markers and fronto-visual fC. Scatter plot of CSF t-tau/Aβ42 
ratio scores against lDLPFC-LOC fC scores. Values are standardized residuals after 
controlling for age, sex and education.
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Figure 5. 
Relationships between left DLPFC response magnitude and pathology markers. Scatter plots 
of lDLPFC magnitude against CSF Aβ42 (A) and frontal WMH volume (B). Values are 
standardized residuals after controlling for age, sex and education.
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Table 1
Demographics, risk factors and behavioral scores
Younger adults
(n = 29)
Older adults
(n = 34)
p-value
Age (Years) 24.14 (3.9) 77.03 (7.0) < .001
M/F 12/17 15/19 .748
Education (Years) 16.6 (2.1) 16.6 (2.4) .928
APOE ε4 - 24% -
BMI - 26.4 (4.7) -
Systolic BP - 137.2 (12.6) -
Diastolic BP - 76.6 (10.7) -
Corrected Recognition 0.94 (0.07) 0.86 (0.10) < .001
Reaction Time (ms) 543 (62) 723 (86) < .001
M/F: male/female; APOE ε4: percentage of older adults with one or more APOE ε4 alleles; BMI: body mass index; BP: blood pressure. Values 
represent means (standard deviations) for continuous variables and either ratio (M/F) or percentages (APOE ε4) for categorical variables. Data was 
missing for APOE ε4 (26%), BMI (17%) and BP (17%). P-values were calculated from independent samples t-tests, except for M/F, which was 
calculated from a Chi-square test.
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Table 2
Peak coordinates for selected IC
Region Peak
Z-value
MNI
X
MNI
Y
MNI
Z
Left dorsolateral prefrontal cortex 3.35 −46 20 22
Right lateral occipital cortex 5.76 40 −86 −4
Left lateral occipital cortex 5.72 −40 −88 −4
Left lingual gyrus 5.89 −8 −76 10
Right lingual gyrus 5.60 10 −72 12
Anterior cingulate cortex 5.17 −4 12 48
Left posterior parietal cortex 4.36 −26 −54 50
Right posterior parietal cortex 3.40 24 −52 54
Left frontal eye fields 4.66 −26 −4 48
Left anterior insula 3.66 −34 26 −2
Right frontal eye fields 3.59 30 −2 46
Right anterior insula 2.56 36 24 2
Peak coordinates from ICA corresponding to the main working memory task component. Peak Z-values is the z-score of the MNI-coordinate for 
the selected cluster. Regions used in hypothesis-driven analyses are listed first.
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Table 3
CSF protein concentrations, WMH volumes and Vascular Factors
Mean SD
Aβ42 (pg/mL) 272.9 81.0
t-tau (pg/mL) 56.06 16.1
p-tau181 (pg/mL) 23.5 7.49
t-tau/Aβ42 ratio 0.234 0.137
whole-brain WMHs 0.44 0.24
frontal WMHs 0.24 0.19
Aβ42: beta-amyloid (1–42); t-tau: total tau; p-tau181: phosphorylated tau. WMHs; white matter hyperintensity volume (% of ICV).
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